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Overview

Timeline Barriers

geiant: February 1, 2009 A. System Weight and Volume H. Balance of Plant (BOP) Components

*End: June 30, 2015 B. System Cost J. Thermal Management
-95% Complete (as of 3/1/1 5) C. Efficiency K. System Life-Cycle Assessment
° P D. Durability O. Hydrogen Boil-Off
E. Charging/Discharging Rates P. Understanding Physi/Chemi-sorption
Budget G. Materials of Construction  S. By-Product/Spent Material Removal
*Total Center Funding: Part
e DOE Share: $ 35,275,000 artners
= N
. i
e Cost Share: $ 3,322,000 mgumeUm!: Pamﬁq'mth{v; ) __ L;% .
e FY ’14 Funding: $3,138,000 B o
e FY “15 Funding: $895,000 0L +NREL

*Prog. Mgmt. Funding usu @;‘!\
e FY’14:$ 300,000 Vi Orgy St Y

e FY’15:$ 300,000 Q m
(&) HSECOE € tnitmines Qe
‘ o LINCOLN ”




Approach

HSECoE Technical Objectives

Using systems engineering concepts, design
innovative material-based hydrogen storage system
architectures with the potential to meet DOE
performance and cost targets.

e Design, build and evaluate subscale prototype systems to
assess the innovative storage devices and subsystem design
concepts, validate models, and improve both component design
and predictive capability.

@ HSECoE



Approach
Phased Approach

Phase 2 Go/NoGo Decision:
Go forward with both adsorption
and chemical hydrogen systems

development.

Phase 3 Go/NoGo Decision:
Go forward with demonstration
of two adsorption heat
exchanger deigns.

Phase I:
System

Requirements
& Novel

Phase ll:
Novel Concept
Modeling Design &

Evaluation

Concepts

 Where were we and * How do we get there * Put it all together and
where can we get (closing the gaps) and confirm claims.
to? how much further can we « System Integration
* Model go? + System Assessments
Development - Novel Concepts * Model Validation
+ Benchmarking - Concept Validation + Gap Analysis
+ Gap ldentification - Integration Testing » Performance Projections
* Projecting - System Design

advances
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Adsorbent System Overview
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Accomplishment

Adsorbent Heat Exchanger Types

HexCell

Start Time to Full Flow
(20°C)

Fill Time (Skg H2)

20°€)

Wells-to-Power Plant |_—

Efficency P
-

Flow Through Chilled H, Cooling

MATI
Isolated LN2 Flow Cooling

Gain Volumetric
Density

in going from loose
powder to compacted
pucks

at expense of
Cost

Start Time to Full Flow
[Fieyd]

Fill Time [Skg HZ) ol | S, Max Delivery Temp,

Start Time to Full Flow (-

Transient Response

Wells-to-Power Plant _—
Efficency

>
Loss of Useable H2 /

Lo3s of Useable 2

Cycle Life (1/4 - full) Onbeard Efficiency

Volumetric Densitv

(%) HSECOE

Fuel Cost

Evaluation of Novel
HX Design to Prove
Efficacy & Utility -

Cycle Life {114 - full}

Volumetric Density
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Risk Management: ?i?f??f%ﬁtw O e
Pressure Vessel Cryogenic Leaks

LINCOLN
« Teflon® seals observed to leak at LN2 temps.
» This issue could affect schedule and cost (as of 3/31 3-4 months behind schedule)
» Tank Seal Tiger Team formed with weekly telecoms scheduled
* Numerous approaches attempted to solve both waist and large plug leaks
« Waist seal solved with composite Teflon/steel washer allowing testing of HexCell system.
« Large opening seal not solved due to lack of mating surfaces — New stainless steel flange tanks
designed, manufactured, tested and delivered allowing MATI system testing.

Problem Potential Solutions Final Solutions
opening _ldentified e Investigated Implemented
Leak HEELS ‘ ; SO: Crush Seal
WB: Teflon
— coated steel
W washer/w
> Main external clamp
Body
Leak

| HexCell HX

9.922

)

() HSECoE




Accomplishment

. . e
Adsorbent Media Preparation ’Los Alamos

NATIONAL LABORATORY @

Evaluate MOF-5 degradation beyond 300 cycles based on maximum allowable impurity levels as stated in SAE J2719 and report on the
ability to mitigate to less than 10%.

Perform a minimum of 10 heat capacity or thermal conductivity measurements at temperatures ranging from 70-200K on compacted MOF-
5samples prepared by Ford and to support validating system models and system level designs.

i % 100% —@=——tre=e
Hydrogen Impurity g 10% T
Cyclic Tests 3 T Y
y B % . Solvated
@ ", 1
2 0% Compaction
Chemial b= .
SAE J2517 Constituent Formala Limits = %
o T & e Impurity Test Gas @ 0%
£ \
. " Y
P = 60% Pellet processing conditions: \
Water H.0 5 ppm 5 to 10 ppm Test Gas Mixture 1 E ---#-- Desolvated pmvder k!
Total hydrocarbons B 2 ppm 2 ppm Test Gas Mixture 2 = L'.
Oxygen Q; 5 ppm 5 ppm Test Gas Mixture 2 E 50% -=g == Saolvated {dry] pg,‘der 1..
Helium He 300 ppm 500 ppm Test Gas Mixture 2 £ %
Nitragen, Argon N, Ar 100 ppm 100 ppm Test Gas Mixture 2 % 40'}6‘ Y
Carbon dioxide co, 2 ppm 5 ppm Test Gas Mixture 2 o
Carbon monoxide co 0.2 ppm 2 ppm Test Gas Mixture 2 0-5 ﬂ-ﬁ ﬂ.? D.B G.Q
Total sulfur s 0.004 ppm 1 ppm Test Gas Mixture 3 Pellet Densit)f (QJIEC]
Formaldehyde  HCHO 0.01 ppm nla Not in Gas Mixture
Formic acid  HCOOH 0.2 ppm nla Not in Gas Mixture
Ammonia  NH, 0.1 ppm 5 to 10 ppm Test Gas Mixture 4 Anisotropic Thermal Conductivity of Neat MOF-5
Total halogenates 0.05 ppm 5 t0 10 ppm Test Gas Mixture § (p =04 g/mL, Access Batch #11) as as fcn of H, Pressure at 16C
[T —— 1 mgkg 0.55 T T T
1 1 0.50 -
: 105 Anisotropic
Adsorpton | < 0.5 -
Dearadation 3 T =g Thermal ¢
= RS e ol =y PRI .. ~ 0.40 A -
g < o5l Max Effect Change: 2% | Cond UCt|V|ty =
5 = 0.35
B SMART milestone lower target limit s ]
E Qp——————————————— — g 0301 ]
2 S
b= el
5 ash —— Mixture 1: Water (5-10 ppm) s 0251 ]
& ----- Mixture 2: CO/O,/CO,/CH, (2-10 ppm) O 0.20 |
-3 N, (100 ppm), He (500 ppm) ™
g o —— Mixture 3: Sulfur (1 ppm) g 0.15 E
8 —_ Mixture 4: Ammonia (5-10 ppm) £ ==k (H,)
75¢ - - - Mixture 5: Halogenates (5-10 ppm) 0.10 4 1 - = (41% K+ 59% k) H, 7
70
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Accomplishment []SU @2 SRNL

MATI Heat Exchanger & Test Systems Z" o

Design and construct a hydrogen cryo-adsorbent test station capable of evaluating the performance of a two liter cryo-adsorbent
prototype between 80-160K and which would meet all of the performance metrics for the DoE Technical Targets for On-Board Hydrogen
Storage Systems.

Demonstrate performance of subscale system evaluations and model validation of a 2L adsorbent system utilizing a MATI thermal
management system having 54 g available hydrogen, internal densities of 0.10g/g gravimetric, and 27 g/I volumetric.

Demonstrate a two liter hydrogen adsorption system containing a MATI internal heat exchanger provided by Oregon State University
characterizing its performance against each of the sixteen performance DoE Technical Targets for On-Board Hydrogen Storage Systems.

MATI Subscale Prototype Assembled MATI Test Station Completed

(%) HSECOE



Accomplishment

@SRNL
HexCell Heat Exchanger & Test System ®

o/

Design a 2L adsorbent subscale prototype utilizing a HexCell heat exchanger having 46g avialable hydrogen, internal densities of 0.13g/g
gravimetric, and 23.4g/L volumetric.

Demonstrate performance of subscale system evaluations and model validation of a 2L adsorbent system utilizing a HexCell heat
exchanger having 46g avialable hydrogen, internal densities of 0.13g/g gravimetric, and 23.4g/L volumetric.

2L HexCell 2| HexCell System Assembly
System Design

Inlet Hydrogen

Internal Teflon liner

Hexagonal cell structures

i
i Alumi lwall
o ll% / uminum vessel wa
;,|)'li| N D Upper section
1 1 ‘\
ul.:“,l Lower section )
0.1 }}N |
\\\g i Outlet Hydrogen H!!izttlnai :Ir‘(l’r:;ge

350

Temperature (K)
E§EE

2L HexcCell
Preliminary

2L HexCell

Test System . “’ e : Ti;‘j’"; o .‘“’“ ”‘“’o. Test Results
(%) HSECOE 1
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Accomplishment -
Pressure Vessel Demonstration ) e

Design and manufacture a baseline, separable Type 1 tank in accordance with size (2L - 6L), pressure (100 bar service pressure), operating
temperatures (80K — 160K) and interfaces specified by HSECoE team members, and with a 10% reduction in weight per unit volume
compared with the Type 1tank tested in Phase 2.

Design alternate tank configurations, such as monolithic Type 1, Type 3 with suitable cryogenicliner, and Type 4 with suitable cryogenic
liner, that can operate at 100 bar service pressure, at temperatures of 80K — 160K, and offer a further 10% reduction in weight compared
with the Phase 3 baseline Type 1tank, and are consistent with safety requirements established by industry for hydrogen fuel containers.

Hexagon-Lincoln will fabricate and PNNL will demonstrate a minimum one liter scale LN2 jacketed tank. With this device they will
measure the transient heat loss for dormancy and demonstrate the LN2 thermos bottle tank cooling concept. This experiment will be
scaled to the full size 5.6 kgH2 size and shown experimentally to meet the DOE technical targets for dormancy and refueling time.

Tank Cooling Design and Test Alternate
Apparatus Tank
Configurations

2L Prototype
—|deal Target 75% Ideal 60% Ideal
——50% Ideal ~———Flood Cool (Case 15)

(15t 3 piece)
2)T1 5.0 84 84
(2 3-piece)
3) T1 3.0 51 60
(1-piece)
0 30 60 90 120

e 4)T3 223 38 74
@ HSEBUE 5)T4 tbd tbd  tbd "



Accomplishment

Adsorbent System White Space

New adsorbent needed to meet
gravimetric density target.

Heat Exchanger: HexCell

Media: MOF-5

P: 5-60 bar — Type | Al Pressure Vessel
T: 80-160K - MLVI

Gravimetric Densi
Start Time to Full Flow (20°C)  100%———_/  Min. Delivery Temp. . HexCell
— MATI

Fill time and o
performance targets Fill Time (Ske H2) 4
achieved due to
advanced heat tart Time to Full Flow (-20°C)
exchanger designs.

Max Delivery Temp.

Min. Delivery Pressure

Transient Response Max. Operating Temp.

Higher enthalpy adsorbent
needed to achieve WTPP

efficiency target. Fuel Purity | Min. Operating Temp.

Max. Delivery Pressure

' Min. Full Flow Rate
\>

- ‘ Syster
7

Wells-to-Power Plant Efficency :

\
.\..

\
Loss of Useable H2

Higher enthalpy adsorbent
needed to achieve loss of Fuel Cost
useable H, target.

Qst

Cycle Life (1/4-full) L Onboard Efficiency

Volumefric Density

Higher enthalpy adsorbent Less expensive tank &

needed to achieve fuel cost BoP needed to achieve
target. New adsorbent and densification cost target.

- methods needed to achieve
@ HSECOE volumetric target. 12



Accomplishment

HexCell & MATI Mass/Volume/Cost Comparison

HexCell HX
100% - 100% -
90% - 90% -
m Assembly
80% 7 80% -
70% - B Other BOP Components 70% -
60% - m Valves in BOP 60% -
50% - B Tank Manufacturing 50% -
40% - ® Tank Components 40% -
30% - B Internal Heat Exchanger 30% 1
20% B Adsorbent Material 20%
10% - 10% -
0% . 0%
Mass [kg]  Volume [L] Cost [$]

@ HSECOE

MATI HX

Adsorbent Systems are Primarily:
Mass: ~60% Tank and Insulation
Volume: HexCell 60% Adsorbent

MATI 52% Adsorbent
Cost: ~50% BoP

Mass [kg]

Volume [L]

Cost [S]

e



Accomplishment

System Modeling LINREL

Prepare a report on the impact of system design changes on the tank to wheels efficiency and document progress relative to a 300 mile
range for adsorbent systems.
Update the cryo-adsorbent system model with Phase 3 performance data, integrate into the framework; document and release models to

the public.

Complete the failure mode and effects analysis (FMEA) associated with real-world operating conditions for a MOF-5-based system, for
both HexCell and MATI concepts based on the Phase 3 test results. Report on the ability to reduce the risk priority numbers (RPN) from
the phase 2 peak/mean and identify key failure modes.

Models Available on WEB site Model Usage Tracked
S Model Available and Planned
List of Model.
— <ol | B www.HSECoE.org
e — | Description MH Acceptability Envelope SRNL complete
- _'.".E‘l’“/ 1 of Model -
(- MH Finite Element Model SRNL complete
e g QOutline of
=k wmalysis Tank Volume/Cost Model PNNL complete
a0
C ) ivwn S ety Model MH Framework Model UTRC/NREL complete
Download I
TL o dentification CH Framework Model PNNL/UTRG/NREL complete
R 1) irages Sy ] of User I
s - e & AD Framework Model SRNL/UTRC/NREL In progress
AD Finite Element Model SRNL 6/2015
— C— e 2| < As of Feb. 29, 2015:
= A T .- » 2162 total sessions, 6034 page

views and 1720 users
» Model download figures:
» Tankinator— 39
* MHAE - 9
* MHFE - 13

* \Vehicle Framework — 25 14




FMEA used to Stimulate Thinking

Failure Modes and Effects Analysis

Highest risk items identified from initial FMEA

Corrective actions taken
Example actions during phase 2-3 for reducing the Risk Priority Number (RPN)
Completed MOF-5 air exposure testing
Completed MOF-5 contaminated gas cyclic testing
Completed initial material and heat exchanger testing
Revised tank construction from composite to aluminum and completed cryogenic testing
Developed designs with deep-dive technical reviews, controls, and test plans

Phase 1 RPN Values Phase 2 RPN Values Phase 3 RPN Values
High: 720 |:> High: 512 |:> High: 288
Mean: 188 Mean: 113 Mean: 114
800
Use of typical industrial o0 M Initial
organizational tools, such as o _
FMEA, led to insights into potential £ Final
system failure modes, alternate g
research pathways and resultant gm ||
mitigation methods not thought of 300 "
previously. 200
100
ol

,
5 9 13172 29 33 37 41 45 49 53 57 61 65 63 73 77 81 85 85 53 57 101105109
@ HSECoE Risk Item



Accomplishment

Technology Transfer

This program has been a technology transfer program with the
HSECOE actively partnering with Ford Motor Company and
General Motors Co. to develop materials-based hydrogen storage
systems for its duration. During this time their active participation
has greatly aided the Center in understanding vehicle needs, cost
estimation and numerous other areas where only the OEMs have a
firm understanding of customer needs and manufacturing
capabilities.

(%) HSECOE

16



Accomplishment

What have we learned about organizing a
Center of Excellence?”

The HSECOE is the Fourth Hydrogen Storage COE

“We are dwarfs perched on the shoulders of giants.”
Bernard of Chartres, 1159-AD

gecompastment o Accgmpgshméﬁ Developedto Track Technical P Jessons fearned Accomplishment Jessans Fearned
gﬁtnbu;e_d Pfr:)g(;'.ar);mzltlc R;;spo;mullltgtote.:]l?ﬂ o p::I ér arts Developedto Track Technical Progress Integrated Model Framework Developed to Identify what
nersnip or inaividuals — basea on Inaustri ode an aps Sz,ﬂen;f,“;";:‘ff the Materials ACTUALLY need to do
. . Adsorbent System HexCellHeat | trackprogress
Line Organization Technical Matrix Media: MOF-5 Exchanger | towardsnumerous.
P: 5-60 bar — Type | Al Pressure Vessel technical goals in
T: B0-160K - MLV - one visual.

-

Technical Hurdles
Grawmemc Capaclty BoP Mass

Sysf o
Iume1nc Cauacrty Med\a Densi

Fuel Cost=

Organization and
communications pathways,

Matrix organization identified to parse
‘out complex program deliverables and

“ﬁﬂéﬁ’ﬁﬁ;ﬁ&" 1o e cone conpuneaTons Tkt Posrer P Elpffcuul:nt?: LN2 chilled H
(13) HSECoE () HSECoE “ (£1) HSECOE ‘
Accomplishment Jessons Fearned Accomplishment Jessons Fearaed Accomplishment Jessons Fearaed
SharePoint Site Created and Used Extensively FMEA used to Stimulate Thinking Lo~ WERB 8Site Used to Disseminate Models

Failure Modes and Effects Analysis
Highest riskitems identified from initial FMEA

- nmmmnm stors. upasts ana arcnive largs gats sets |

+ Adsorbsnt. Chemicsl, Mstsi Hydrides Sub-Sttss A Correctiveactions taken oot of loclels www. HSECoE.org
: m g, st & ass Transter — Sub-siss ! @ rarpie s 2tor . Risk Priority Humber (RPH) ﬁ.vallab\e
- $Naren DOCUMeNts (F2F pmom:hnns. AMR prasentabons. * Completed initial homogenous material analysis and heat exchanger testing
EEAVIE, P":“"m'“ ) Matenais gats compiations + Revisedtank construction from composite to aluminum and completed cryogenic testing
7 mmrm | + Developed designs with deep-dive technical reviews, controls, and test plans for Phase 3
Initial Phase 2 RPN values. Final Phase 2 RPN values
High: 7. + High: 512
Materials Propariies Archived ca ShamPoint BoP Catalogue Archived on SharePoint 7 » Mean: 188 + Mean: 113
Pt =
[PRTC———— -
TRl Use oftypicalindustrial 00 W pitial
A, organizationaltools, such as. .
FMEA, led to insights into potential £ W Final |
system failure modes, alternate =
research pathways and resuttant g
mitigation methods notthought of E
| previously. .
E -
. \ B LA
£1) HSECOE « (T3) HSECoE Risk e “ )

1) HSEGoE




Summary

Summary of Challenges and Barriers
* Metal Hydride System

* Low enthalpy materials (i.e. AH < 27 kJ/mol-H,),
can use only the waste heat of the fuel cell for
discharge, while high enthalpy materials (i.e. AH
>30 kd/mol-H,), require some H, combustion and
additional BoP.

* Additional hydrogen capacity (1 to 1.5 wt%)

gained by using higher pressure, hybrid tanks would
be negated by the additional weight of carbon fiber -
needed for reinforcement. o . -

*  For most metal hydride densities (>1100 to
1600 kg/m3) — the volumetric target can be easily
met if the gravimetric target is met

* A material charging kinetics needs to be 3-8X
greater than catalyzed NaAlH,, at charging
pressures <100 bar.

nnnnnnn

* Materials with both high gravimetric capacity
and low enthalpy of formation need to be
developed.

@ HSECoE




Accomplishment

Metal Hydride Materials Requirements
()< tone{ - || 2P iy

e

= parameter | unte T Range

Gravimetric Capacity, In2/Imedia 11%

AH<27 kJ/mol

Gravimetric Capacity, In2/Imedia 17%

AH<40kJ/mol

Equilibrium Pressure, P, bar 5<P.<100
Exponential, x 1

Activation Energy, E, kd/mol 3.05

Pre Exponential, A 6.2x108

Bulk Density Omedial VOIUME 0 4ia 70% Crystal Density
Thermal Conductivity, k W/m K >10

J.M. Pasini, C. Corgnale, B.A. van Hassel, T. Motyka, S. Kumar, K. L. Simmons, Metal hydride material requirements for
automotive hydrogen storage systems, Intl. J. Hydrogen Energy 2013; 38:9755-9765.

* To meet 2020 targets

@ HSECoE
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Summary

Summary of Challenges and Barriers

]
Gravimetric Density
d C h e m I ca I S ste m s Stat Time t:] Min. Delivery Temp.
Full Flow (20°C) 100

Fill Time (5 kg H2) Max Delivery Temp.

Start Time to
Full Flow (-20°C) Min. Delivery Pressure

* H, contaminants can be scrubbed.

Transient

Response Max. Operating Temp.

* In reactor gas/liquid separation demonstrated.

Fuel Purity Min. Operating Temp.

* 50 wt.% alane slurry successfully
demonstrated in flow through reactor. P Ercancy

Max. Delivery Pressure

Loss of Useable H2 Min. Full Flow Rate

* 50 wt.% ammonia borane slurry not

el Gt System Cost Blue: Phase 1
pumpable. it v ot
 Efficient chemical hydride regeneration needs
to be developed to address fuel cost and WTPP b T ©
efficency gap. %

* To mitigate slurry stability and pumping R 'lm i
issues, development of a high capacity liquid Anke i e 4@
material both before and after dehydrogenation Dipacemet e
required. e Flo T et 55552;'_?:?&-.
*  CH which can discard spent fuel QT? Tz
environmentally (one-way) optimal business

solution.

@ HSECOE 2



Accomplishment

Chemical Hydride Materials Requirements

)i 1)

Parameter Units Range*
Gravimetric Capacity (liquids) 9 H2 / 9 material ~0.078 (0.085)"
Gravimetric Capacity (solutions) g H2 / 9 material ~0.098 (0.106) 1
Gravimetric Capacity (slurries) 9 H2 / 9 material ~0.112 (0.121)T
Endothermic Heat of Reaction kd / mol H; <+17 (15)7
Exothermic Heat of Reaction kd / mol H» <-27
Kinetics: Activation Energy, E, kd / mol 117-150
Kinetics: Pre-exponential Factor, A 4x10°-1x 10"
Q_Aeaé(g?;?uieactor Outlet o 250
Media H, Density kgH2 /L > 0.07
Regeneration Efficiency % = 66.6%
Viscosity cP <1500

T.A. Semelsberger & K.P. Brooks, Chemical hydrogen storage material property
guidelines for automotive applications, Journal of Power Sources 279 (2015) 593-609.

t(if hydrogen gas clean-up needed)
* To meet 2020 targets

@ HSECoE



Summary

Summary of Challenges and Barriers
[l Phase3

 Adsorption Systems HexCell — - - Phase 2

Gravimetric Density — Phase 1

1008 Min. Delivery Temp.

Start Time to Full Flow
(20°c)

* Volumetric density improved with
microchannel MATI HX design via MOF s e oo
compaction demonstrated. SR

Max Delivery Temp.

Min. Delivery Prassurs

Max. Operating Temp.

Min. Operating Temp.

° Charge time addressed with flow through rury
cooling and independent LN2 tank cooling.

Wells-te-Power Plant |_— X
Efficency

* Low enthalpy adsorbents require low I
temperatures and eventual loss of hydrogen in rucon

Cydle Life (1/4 - full}

dormancy. ety

Ma. Delivery Pressure

*" Min. Full Flow Rate
.

Onboard Efficiency

* High density powder compact need to be MATI
developed to address volumetric density. st otatrion O e

(20°€)

Fill Time (Skg H2) Max Delivery Temp.

Fuel Cell Components
{outside HSECOE scope) Start Time to Full Flow (-

20°¢) Min. Delivery Prassure

in space
LN; vessel wall chilling channel

g,

Transient Response Max, Operating Temp,

Fuel Purity Min, Operating Temp,

Wells-to-Power Plant _—
Efficency

Max. Delivery Pressure

Loss of Useable H2 * Min. Full Flow Rate

Fuel Cost " gystem Cost

Cycle Life [1/4 - full) Onboard Efficiency
Volumetric Density

@ HSECOE 2



Accomplishment

Adsorbent Materials Requirements

e—So/R 4 % oEmax/RT

ng, = Mmax KT In
“ (Emax = Emin) e—ASo/R 4 PﬂeEmin/RT
Nrotal = Ng + c(Vy, — Vp)
Parameter Units Range*

Maximum Excess Capacity, Nmax mo,ljiii Ikg ~ 200
Minimum Binding Energy, Emin kd/mol ~4.49
Maximum Binding Energy, Emax kd/mol ~Emin
Entropy, DS, J/ mol K < -65
Reference Pressure, Py bar 1
Absolute Pressure, P bar 5<P<100
Bulk Density, rpuxk Kg/m?® 181
Bed Void Volume, V-V, M3/KGmedia 0.00391
Temperature, T K 77<T<160

Personal Communication B.J. Hardy

* to meet 2020 DOE targets using MOF-5 as nominal starting material

@ HSECoE
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Accomplishment

Materials Based Hydrogen Storage Systems Summary

Gravimetric Volumetric
Mass* Volume* Cost* Density Density Cost

(gH,/ (gH,/
(kg) (liters) (S) g system) liter system) (S/kWh)
Metal Hydride System

NaAlH,/Ti 457 489 8008 1.2% 11.5 42.95
Chemical System

AB 122 136 3011 4.6% 41.0 16.50
AlH; 164 151 4133 3.4% 37.0 22.16

Adsorbent System
HexCell/MOF-5 161 304 2720 3.5% 18.5 14.59
MATI/MOF-5 159 263 2897 3.5% 21.3 15.54
2020 DOE Targets 5.5% 40.0 10.00

* for 5.6 Kg usable hydrogen

@ HSECoE



Accomplishment

LANDMARK Innovations

What has the Center done to change the way we look at hydrogen storage?

e Overall

e Technical target prioritization

e Development of models which
integrate the storage system, fuel
cell and vehicle drive cycles

e Metal Hydrides

e MH acceptability envelope

e Microchannel catalytic burner

(%) HSECOE

e Chemical Hydrogen Storage

CH material requirements

Auger reactor for slurries and
helical reactor for neat liquids

Demonstrated 60wt.% alane
slurry reactor

Ammonia/diborane scrubber

Gas/Liquid separator

e Adsorbents

Adsorbent materials requirements
LN2 tank cooling strategy
Low cost flow-through HX design

Combined MOF compaction/
augmentation

Microchannel HX in compacted

media design 29



Accomplishment

Where have we gone?

Materials Based Hydrogen Storage Systems
for Automotive Applications

Materials
CoEs

Basic Te :hnology

Rese arch
Basic Concept
Principals Formulation

HSECoOE

Research to
Prove
Feasibility

Characteristic
Proof of Concept

Tecl nology
Development

System
Validation in
Laboratory
Environment

o 20 40 B0
Frossure (bar)

@ HSEcon

Technology
Demonstration

System Pilot Scale System
Validation in Validation
Relevant

Environment

TRL7 TRL 8

System
Commissioning

System
Operation

Full Scale Actual Actual System
System System Operation
Validation Qualification







Technical Back-Up Slides
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Reviewers Comments

“‘How will the models on the web site be maintained once the funding is gone?”
o DOE will be supporting model updates next year through AOP.

“A key component of the final report should be statements from the OEMs as to the
practical potentials they see for the materials and containment designs developed in
this project.”

o This will be incorporated into the final report.

“Further attention could be paid to explaining a long term vision for what the on-board
system components might look like.”

o Significant effort was put forth on design and modeling of consolidated BoP
components such as valves, pressure transducers and couplings.

“Greater emphasis should be placed on dealing with the problem areas and technical
obstacles identified by "white spaces” in the spider charts.”

o This could only be accomplished at the expense of not demonstrating subscale
prototypes, a contractual obligation which could not be minimized under the
current budgetary constraints.

“A comprehensive set of material requirements based on system needs should be
published in a journal that is widely read by researchers engaged in new material
development.”

o This comprehensive list of materials requirements has been accomplished and
presented at the Hydrogen Storage Summit held in January. Articles detailing
these results are being prepared for publication.
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Approach
Important Dates

e Duration: 6.7 years

[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
e Completion Date: = Dec. 31, 2015
D |TaskName 2008 2010 2011 ) 21 204 201
el jle/va/e/a|efa/e/v/voa/le/avu|ofe/o/voleo]o
q Hydrogen Storage Engineering Center of Excellence —
2 Phase 1 System Requirements & Novel Concepts :
3 Phase 2 Go/MNo-Go :
4 Phase 2 Hovel Concept Modeling, Design and Evaluation :
3 Phase 3 GoMNo-Go |
6 Phase J Subscale Prototype Construction, Testing & Evaluation i
7 Final Report 4 030

|

@ HSECoE Here we are today. 3°




Approach

Why Perform Materials Development and
System Engineering in Parallel?

continuous feedback with system design
through the integrated model
identifying materials requirements

~ N

o P a\W/;
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Materlals — Thermal — H, Storage — Fuel Cell — Vehicle — Wheels
Management BoP — — _
Engineered Heat Transfer BoP What is Needed
Materials Designs Component of the Hydrogen Storage
Properties Requirements Media & System
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Accomplishment

DOE Materials Based Hydrogen Storage Summit Supported

January 27-28, 2015
Golden, CO

HSECOE partners played a fundamental
roll in the DOE H, Storage Summit. This
DOE sponsored workshop should help
guide the materials development
community by outlining the major
materials characteristics required to
meet the DOE technical targets.

Materials requirements for metal hydride,
chemical hydrogen and adsorbent
materials were reviewed along with
Center models on the WEB and a
review of niche opportunities for

hydrogen storage.

@ HSECoE

DOE Materials-Based Hydrogen Storage Summit:
Defining Pathways for Onboard Automotive Applications

January 27: Day 1
8:00-8:30: Check-in
8:30-8:45: Welcome and meeting logistics — Matt Thornton (NREL)
8:45-9:00: Introduction to workshop objectives — Ned Stetson (DOE)
9:00-9:30: Onboard automotive targets: an OEM perspective — Mike Veenstra® (Ford)
9:30-10:00: Metal hydrides — Ted Motyka* (SRNL)
10:00-10:30: Adsorbents — Don Siegel* (U. Michigan)
10:30-10:45: Break
10:45-11:15: Chemical hydrogen — Troy Semelsberger* (LANL)
11:15-11:45: Off-board regeneration thermodynamics — Rajesh Ahluwalia® (ANL)
11:45-12:30: Lunch
12:30-2:00: Breakout session 1(a)
s Chemical hydrogen
* Metal hydrides
¢ Adsorbents
2:00-2:15: Break
2:15-4:00: Breakout session 1(b)
4:00-4:15: Break
4:15-5:00: Walk-through of HSECoE web-based system models — Jose Miguel Pasini*
(UTRC)

January 28: Day 2
8:30-8:40: Chemical hydrogen breakout session report out
8:40-8:50: Metal hydride breakout session report out
8:50-9:00: Adsorbent breakout session repart out
9:00-9:30: Fundamental research directions — TBD
9:30-10:00: Niche application opportunities — Bart van Hassel* (UTRC)
10:00-10:15: Break
10:15-12:15: Breakout session 2

* Bridging fundamental and applied research

* High value added applications
12:15-1:15: Lunch
1:15-2:30: Conclusion / wrap-up

*invited
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